Characterization of coaxial NW surfaces
The PIN-SiNWs were synthesized via a combination of gold (Au) nanoparticle (NP)-catalysed vapour-liquid-solid growth of p-type SiNW cores, vacuum annealing and a final vapour-solid growth of Si shells (Methods). High-angle annular dark-field (HAADF) scanning transmission electron microscope (STEM) and transmission electron microscopy (TEM) show a final NW diameter of 200-250 nm with polycrystalline surfaces (Fig. 1b ). NW shell synthesis of this kind at high temperatures and low pressures favours diffusion of the Au catalyst down the sidewalls of the NWs, resulting in atomic Au accumulation around the shells 23, 24 . X-ray photoelectron spectroscopy (XPS) of PIN-SiNWs attached to their growth substrate indicates the presence of two types of Au within 7-10 nm from the surface of the NWs ( Fig. 1c and Supplementary Table 1 ). XPS peaks with binding energies of 84.5 eV and 88.1 eV represent Au nanoclusters, while those with binding energies of 85.4 eV and 89.0 eV highlight the presence of atomic Au species (Fig. 1c , Supplementary Table 1 and Supplementary Fig. 1 ). On average, 58.5% of the Au present is represented by atomic Au and 41.5% is represented by the nanoclustered Au ( Supplementary Fig. 1 ), and no metallic Au is identified. Energy-dispersive X-ray spectroscopy (EDS) further confirms this result in single PIN-SiNWs. Spectra acquired displayed characteristic Au Lα 1 and Lβ 1 peaks at 9.7 and 11.4 keV X-ray energies, respectively, thus confirming the presence of Au atoms in single PIN-SiNWs ( Supplementary Fig. 2 ).
To more definitively characterize the amount and spatial distribution of atomic Au in our NWs, we performed local-electrode atom probe tomography (APT) on a single PIN-SiNW ( Supplementary  Fig. 3 ). The APT data demonstrate the existence of atomic Au in band-like domains with additional accumulation at the surface ( Fig. 1d ). We believe that the high-temperature and low-pressure conditions used for annealing and subsequent shell depositions allow for complete Au catalyst diffusion down the sidewalls of the NW cores 23, 24 and the subsequent Au migration into the shells through grain boundaries or gettering effect 25 . Despite the dominant argument that atomic Au generates deep traps in Si, the Au at the Si surface may also confer properties that can be useful in photoelectrochemical processes during cellular excitability modulation. Specifically, surface atomic Au may alter the surface states of the Si in such a way that is beneficial for reducing NW impedance in aqueous solutions 26 , thus favouring the production of faradaic currents, not capacitive currents.
Estimation of single NW photoelectrochemical behaviour
We next developed a method to measure the photocurrents from single PIN-SiNWs in an interconnect-free configuration, using a patch-clamp setup under physiological conditions (modified Tyrode's solution), in response to a 532 nm light illumination, which was chosen according to previously measured action spectra for PIN-SiNWs 27 . We grew PIN-SiNWs with final diameters of 200-250 nm inside of quartz capillary tubes, pulled them into patch pipettes, and mounted them onto a patch-clamp setup. The laser was shone onto single NWs, which were positioned to minimize any changes in pipette resistance due to increases in temperature produced by light absorption (Fig. 2a ). All measurements were performed in voltage-clamp mode, holding the voltage at zero to function as virtual ground. Keeping the power constant at 17 mW, we first altered the laser pulse duration (Fig. 2b) . Measured pipette currents were characterized by a sharp and fast initial increase in current, likely limited by the system bandwidth, to peaks of ~50.7, ~83.5 and ~101 pA for 0.5, 2 and 10 ms pulses, respectively ( Fig. 2b ). While the observed currents do not represent absolute values of photocurrents produced by single PIN-SiNWs, as some current will be inevitably shunted by the surrounding solution, much can still be garnered from the relative amplitudes and durations of the photocurrents measured. Notably, the current resulting from the 10 ms pulse was sustained at ~101 pA for the whole illumination duration (Fig. 2b ). This production of a sustained current is not characteristic of a capacitive current given that the NW-associated electrical capacitance is below the picofarad range [28] [29] [30] , and instead is suggestive of a faradaic process. This observed faradaic process, characterized by electron transfer between the NW and the electrolyte, may be particularly favourable in the context of biological systems as it mimics certain cellular processes that inherently utilize redox reactions. In addition, we observed light intensity-dependent current generation in another PIN-SiNW ( Fig. 2c ). For a laser pulse duration of 10 ms, the photocurrent peaks were measured to be ~120, ~43.1 and ~22.3 pA for laser powers of 8.5, 3.4 and 1.7 mW, respectively. The polarity of the current suggests a photocathodic reaction over the PIN-SiNW surface. When the laser spot was moved off the NW onto plain glass, no current was recorded ( Supplementary Fig. 4 ). The observed unipolar photoelectrochemical current, for up to 10 ms (a timescale relevant to neural excitation), suggests that the solution reaction kinetics for lightgenerated hole carriers is much slower than that for electrons, partially due to the much smaller exposed surface area for p-type Si core. We hypothesize that the surface atomic Au may also affect the observed non-equilibrium photoelectrochemical current production. Before determining whether this is the case, though, . This is representative data from 1 of 3 independent probes that were prepared for APT analysis.
we wanted to understand whether the current from these PIN-SiNWs could modulate neuronal excitability.
Basic coaxial NW/neuron interfaces
We drop-casted PIN-SiNWs onto primary dorsal root ganglion (DRG) neurons cultured from neonatal rats ( Fig. 3a,b ). Scanning electron microscopy (SEM) shows that PIN-SiNWs form close interactions with neuronal membranes without being internalized into cells ( Fig. 3c ). We hypothesized that the photocathodic electrochemical effect produced from a single NW could cause membrane depolarization (by reducing the potential in a local extracellular region) and trigger action potentials (APs). We aligned a neuron/PIN-SiNW interface to a 532 nm laser spot, and used a whole-cell current-clamp setup to record the neuronal membrane voltage before, during, and after laser stimulation ( Fig. 3a ). We found that laser stimulation at the neuron/PIN-SiNW interface can elicit APs in neurons at an average minimum laser energy of 6.44 μ J for laser pulse durations ranging from 0.5 to 5.0 ms ( Fig. 3d and Supplementary Fig. 5 ). This laser energy is similar to or less than that required for other photothermally stimulating materials to elicit APs in neurons 7, 8 , even though the direct cell contact area is at least ten times smaller in the present case. In addition, the same minimal energy necessary to trigger APs at several stimulating pulse durations suggests that the PIN-SiNW mimics a classic external stimulation electrode without the mechanical invasiveness and bulkiness inherent to physical electrodes 31 . Control experiments using pure p-type and undoped SiNWs were unable to elicit APs, and only produced subthreshold depolarizations on laser stimulation, even at high energies of 100 μ J and 1 ms durations ( Supplementary Fig. 5 ). In the absence of a NW, laser stimulation with an energy of up to 100 μ J at 1 ms laser pulse durations cannot depolarize the cell's membrane ( Fig. 3d ). We also confirmed via a LIVE/DEAD cell viability assay that the presence of PIN-SiNWs in the neuron culture had a negligible effect on cell viability and that laser stimulation on the timescales explored here also had a negligible effect on cell viability ( Supplementary Fig. 6 ). with an amplifier (AMP), used in current-clamp mode, a low pass filter (LPF) and an analogue-to-digital converter (ADC). In addition, the setup was implemented with a 532 nm laser beam controlled by an acoustic modulator (AOM) and various neutral density (ND) filters (to attenuate the power). The laser beam is aligned to the optical central axis of the objective lens (OBJ) of an inverted microscope. SiNWs were sonicated off of their growth substrate and drop-casted onto the primary neuron culture. After 20 min of settling, the experiments were performed. b, Confocal microscopy image of primary neonatal rat DRG neurons stained with anti-β -tubulin III (red) co-cultured with PIN-SiNWs (white). This is a representative image from 1 of a total of 10 images taken from 2 independent experiments. c, SEM image of a single DRG neuron interacting with a single PIN-SiNW (left) and a zoomed in image showing the neuron/ PIN-SiNW interface (right). This is a representative image from 1 of a total of 63 images taken from 4 independent experiments. d, Patch-clamp electrophysiology current-clamp trace of membrane voltage in a DRG neuron stimulated by injected current (blue pulse) and a laser pulse (green bar). Two conditions are displayed: laser only with no SiNW (left) and PIN-SiNW (right). These are representative traces from 1 of 173 total AP traces measured from 30 neurons with PIN-SiNWs, and 1 of 27 total traces from 2 neurons without PIN-SiNWs.
Systematic neuromodulation studies
We further studied PIN-SiNW-enabled neuron excitation by altering the laser power and pulse duration. At a laser power of 13.5 mW, we were able to produce subthreshold depolarizations at increasing pulse durations of 0.1, 0.2 and 0.3 ms, respectively ( Fig. 4a ). At a laser duration of 0.4 ms and energy of 5.40 μ J, an AP was generated ( Fig. 4a ). Keeping the stimulus duration constant at 1 ms, we were able to passively depolarize the membrane at increasing laser powers until reaching 6.75 mW and a total energy of 6.75 μ J, at which an AP was generated ( Fig. 4b ). We then separately constructed an excitability curve and found that as the duration of the laser stimulus increased, the amount of laser power required to generate an AP decreased ( Fig. 4c ). We fit the data to a hyperbolic function and found that the minimum total energy required to trigger an AP is independent of the pulse duration, as would be expected for current-injecting electrodes 31 ( Supplementary Fig. 7 ). This phenomenon can be seen both by directly plotting minimum total energy as a function of the laser pulse duration, and by the exponent in the denominator of the hyperbolic function, which is close to one ( Supplementary Fig. 7 ). The rheobase of the fitted curve is 1.178 mW and chronaxie 2.597 ms, which compares well to literature chronaxie values for DRG neurons 31 (Fig. 4c ). We also found that with increasing laser pulse durations, the time to AP initiation was increased ( Fig. 4c ). These results together demonstrate that PIN-SiNWs can elicit APs in a manner that is physiologically indistinguishable from those induced by classical external currentinjecting electrodes.
We also pulsed the laser at varying frequencies at the neuron/ PIN-SiNW interface and assessed the cellular response. We found that neurons are able to generate trains of APs at 10 and 20 Hz both with injected current and laser stimulation ( Fig. 4d ). At 40 Hz, the cell depicted failed to produce APs in response to every pulse of laser light or injected current (Fig. 4d ). This neuron produced 10 APs in the case of the light stimulation and 9 in the case of the injected current out of 20 pulses at 40 Hz ( Fig. 4d ). At the lowest frequency that neurons begin to fail to generate one AP for every pulse of current or light, the percentage of failed APs tended to be the same when comparing the two stimuli ( Supplementary Fig. 8 ).
These results indicate that APs produced in neurons through PIN-SiNW-enabled optical stimulation are physiologically representative and follow the intrinsic limitation of the cell to fire trains of APs above a specific frequency.
To understand how effectively the PIN-SiNWs would be able to perform neuromodulation when not used fresh, we incubated PIN-SiNWs in culture media or Tyrode's buffer for one-and two-week time points and used them to trigger APs in primary rat DRG neurons. The minimum laser energy threshold necessary to elicit APs increased from the previously observed 6.44 μ J to an average of 28.33 μ J and 29.58 μ J for the one-week time point in media and Tyrode's buffer, respectively, and 44.30 μ J and 43.10 μ J for the two-week time point in media and Tyrode's buffer, respectively ( Supplementary Fig. 9 ). We propose that the increased laser energy threshold is caused by oxidation/hydration-induced degradation of both the Si heterojunction and atomic Au activity.
Probing of the neuromodulation mechanism
Having demonstrated the optical modulation of single primary neuron excitability with PIN-SiNWs, we next further studied the mechanism of this stimulation. Previous work has demonstrated that mesoporous Si materials can elicit APs in neurons via a photothermal effect 8 . Thus, we wanted to understand the contribution of photothermal current generation to PIN-SiNW-enabled neuromodulation. We used a calibrated micropipette resistance method to measure the temperature change ~2 μ m away from the neuron/PIN-SiNW interface during laser-induced AP generation in the neuron ( Fig. 5a and Supplementary Fig. 10 ). Laser-induced AP generation at a 5.36 μ J laser energy (minimum energy necessary to produce an AP with PIN-SiNWs) resulted in a 0.36 K increase in temperature at the neuron/PIN-SiNW interface (Fig. 5b ). Compared with other photothermally stimulating materials that produce 2 K temperature increases at similar pipette distances, this temperature increase is minor, suggesting a minor photothermal contribution to the stimulation mechanism described here. No temperature increase was observed in the absence of a SiNW ( Supplementary Fig. 10 ). Other control experiments further suggest that a photothermal effect may not be the primary mechanism here ( Supplementary Fig. 10 ).
In further delving into the neuro-excitation mechanism, we wanted to evaluate whether the surface atomic Au plays a role in the observed photoelectrochemical current generation and neuromodulation. Since Au diffusion inherently occurs during PIN-SiNW shell deposition, we were unable to grow PIN-SiNWs without diffused Au. Thus, we first reduced the atomic Au distribution at the PIN-SiNW surfaces by promoting Au diffusion into the Si growth substrate ( Supplementary Fig. 11 ). We found that the average minimum laser energy necessary to elicit APs became 19.26 μ J, approximately three times that needed for typical PIN-SiNWs used in this study.
In a second approach, we compared the photoelectrochemical behaviours of pure 200-250 nm p-type SiNWs, and 200-250 nm p-type SiNWs with intentional Au diffusion (Fig. 5c,d and Methods). We chose p-type Si instead of n-type Si to serve as controls, as p-type semiconductors in contact with electrolyte solutions experience band bending in such a manner that drives photogenerated electrons towards the semiconductor/electrolyte interface 22, 32 . Thus, light illumination would allow for electron injection from the NW into the solution, yielding a similar cathodic reaction to what occurs in the case of PIN-SiNWs. Indeed, both p-type and p-type/ n-type (n-is the exposed end) diode Si devices have been used for photocathodes in electrochemical cells 22, 32, 33 .
We measured photocurrents generated by these different NWs as we did with the PIN-SiNWs. Currents could not be detected when the laser spot was shone onto a single p-type SiNW (Fig. 5c ). However, currents from p-type NWs with Au catalyst diffused at 750 °C for 30 min after growth were recorded at a laser duration of 10 ms (Fig. 5c ). These current peaks were measured to be ~28.8 pA and ~15.0 pA for laser powers of 8.5 mW and 6.8 mW, respectively (Fig. 5c ). Subsequent neuron excitation experiments showed that Au-diffused p-type SiNWs and not p-type SiNWs were able to elicit APs with a minimum laser pulse energy of 17.4 μ J at a 1 ms pulse duration (Fig. 5d ). The fact that diffused Au along p-type SiNWs enhances photoelectrochemical current generation suggests its catalytic role in the interfacial chemical reaction. This is feasible given Au is more electronegative than Si; therefore, the photogenerated electrons can accumulate near the surface Au sites for a cathodic reaction even under physiological conditions. Corresponding temperature measurement (bottom) taken 2 μ m away from the neuron/PIN-SiNW interface produced by calibrating the thermometer pipette resistance with temperature changes. This is a representative temperature measurement from 1 of 18 total traces from 3 independent neurons. c, Top: photocurrent measurement taken from a single p-type SiNW illuminated with 532 nm laser light for 10 ms at a laser illumination power of 85 mW. This is a representative trace from 1 of a total of 71 traces measured from 4 independent p-type SiNWs. Bottom: photocurrent measurement taken from a p-type SiNW with diffused Au for 10 ms at laser illumination powers of 8.5 mW (blue) and 6.8 mW (green). These are representative traces from a total of 52 traces measured from 6 independent p-type SiNWs with diffused Au. d, Patch-clamp electrophysiology current-clamp trace of membrane voltage (top) in a DRG neuron stimulated by injected current (blue pulse) and illuminated by a 1 ms, 17.4 μ J, 532 nm laser pulse at the neuron/p-type SiNW with diffused Au interface (green bar). This is a representative trace from 1 of a total of 40 traces measured from 5 independent neurons. e, Band diagram representing the redox reaction that occurs at the interface between the PIN-SiNW and the electrolyte solution. Kinetic barrier for photoelectrochemical reaction is lowered by the presence of atomic Au. Green arrows represent the light stimulus. Grey arrow shows the excitation of electrons from the valence to the conduction band. Grey dashed lines represent Fermi levels in dark.
The exact chemical species and the mechanism that promote the cathodic reaction are unknown given the heterogenous nature of the culture medium used in the present study. In addition, the atomic Au-covered p-type SiNWs still yield lower amplitudes of currents and require a greater energy threshold (where the photothermal effect is more pronounced) to elicit APs in neurons on light stimulation when compared with those recorded from PIN-SiNWs (Figs. 2b,c and 5b , and Supplementary Fig. 5 ).
Taken together, these results indicate the combined importance of the diffused Au in promoting the interfacial reaction at the PIN-SiNW surface and charge separation at the diode junction, both enabling photoelectrochemical current generation. More specifically, on light illumination, holes migrate to the p-type core and electrons to the n-type shell (Fig. 5e ). The electrons in the n-type shell would be injected through surface state 34 (that is, atomic Au and other surface defects)-enhanced processes into the electrolyte solution and are able to participate in cathodic reactions (for example, reduction of protons) (Fig. 5e ). The photogenerated holes, however, are swept into a spatially separated region, and consumed by recombination within Si or chemical scavengers at the exposed ends. The anodic reaction is expected to be slower given the exposed p-type surfaces (of the coaxial NW) have much smaller surface areas and contain no catalyst, yielding the unipolar photocurrent recording at a timescale relevant to neural excitation. In this way, the PIN-SiNW behaves similarly to a wireless, nanoscale photoelectrochemical cell, with atomic Au to promote the cathodic process, which locally modulates neuronal function (Fig. 5e ).
outlook
This study shows single NW-based photoelectrochemical modulation of cellular excitability in a non-invasive, non-genetic, druglike manner. Our results have implications for both fundamental studies and clinical therapeutics. For fundamental studies, coaxial PIN-SiNWs are advantageous because gene transfection is not required for their use in neuromodulation, they can be administered in a drug-like fashion, their length scale allows for high spatial specificity and their surfaces can be modified easily to allow for high affinity binding to specific cell types. In addition, atomic Au plays the role that a catalyst would play in traditional photoelectrochemical devices, in that it reduces the kinetic barrier necessary for photoelectrochemical current generation. The introduction of an even more potent 'catalyst' 22, 32 or internalization of these NWs into neurons 19, 35 could be used to reduce the optical power density necessary for stimulation, allowing for the use of a light-emitting diode instead of a laser. These optimizations could be advantageous for expanding the possibilities of target organs for in vivo stimulation.
In clinical therapeutics, the potential degradability of SiNWs in vivo can be advantageous for temporally dependent applications and can be tuned by surface functionalization. Moreover, the ability of Si to absorb light in the near-infrared regime can be useful for penetrating tissue. Owing to the light penetration depth in tissue, injecting these NWs to target peripheral nerves could be a noninvasive treatment for diseases that are characterized by severe neuropathic pain, such as diabetic peripheral neuropathy. Collectively, our findings demonstrate a new nanotechnology for cellular membrane potential and excitability control, which may be broadly applicable to both fundamental single-cell bioelectric studies 36, 37 and photoresponsive therapeutics 38 in the clinic.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41565-017-0041-7.
Nanowire synthesis. Coaxial PIN-SiNWs were synthesized using a Au nanocluster-catalysed chemical vapour deposition (CVD) process. Citratestabilized Au colloidal nanoparticles (Ted Pella, 50 nm diameter) were deposited onto Si < 100> substrates (Nova Electronic Materials, n-type, 0.001-0.005 Ω cm) and used as catalysts. During the NW growth, silane (SiH 4 ) was used as the Si reactant, diboron (B 2 H 6 , 100 ppm in H 2 ) as the p-type dopant, phosphine (PH 3 , 1000 ppm in H 2 ) as the n-type dopant and hydrogen (H 2 ) as the carrier gas. For the p-type core NW growth, SiH 4 , B 2 H 6 and H 2 were delivered at flow rates of 2, 10 and 60 standard cubic centimeters per minute (sccm), respectively. For the intrinsic Si shell (i-shell) deposition, SiH 4 and H 2 were delivered at 0.3 and 60 sccm, respectively. Flow of PH 3 gas was then added for the n-type outer shell deposition at a flow rate of 1.5 sccm. The core growth was carried out at 470 °C at a pressure of 40 torr for 30 min. Before i-shell deposition, growth was paused in a vacuum for 20 min until the CVD furnace temperature was stabilized at 750 °C in preparation for shell deposition. The shell depositions were performed at 750 °C at a pressure of 20 torr for 15 min per shell.
The p-doped SiNWs were synthesized also using 250 nm Au nanoclustercatalysed CVD. SiH 4 , B 2 H 6 and H 2 were delivered at flow rates of 2, 10 and 60 sccm, respectively, at 470 °C at a pressure of 40 torr for 30 min.
Undoped SiNWs were synthesized also using 250 nm Au nanocluster-catalysed CVD. SiH 4 and H 2 were delivered at flow rates of 2 and 60 sccm, respectively, at 475 °C at a pressure of 40 torr for 30 min.
The p-doped Au-diffused SiNWs were synthesized also using 250 nm Au nanocluster-catalysed CVD. SiH 4 , B 2 H 6 and H 2 were delivered at flow rates of 2, 10 and 60 sccm, respectively, at 470 °C at a pressure of 40 torr for 30 min. The Au catalyst was allowed to diffuse down the synthesized NWs in a vacuum at 750 °C for 30 min.
X-ray photoelectron spectroscopy. PIN-SiNWs still attached to their growth substrate were cleaned in 10% HF for 90 s, rinsed in deionized H 2 O for 30 s and dried with N 2 gas. XPS was performed on the NW samples using a monochromatic Al Kα X-ray source (AXIS Nova Kratos Analytical) that probes elemental composition 7-10 nm from the surface of the sample. The Al anode was powered at 10 mA and 15 kV. The instrument work function was calibrated to give an Au 4f 7/2 metallic Au binding energy of 83.95 eV. Instrument base pressure was ca. 1 × 10 −9 Torr. The analysis area size was 0.3 × 0.7 mm 2 . For calibration purposes, the binding energies were referenced to Si 2p peak at 99.8 eV and/or C 1s peak at 285.5 eV. To improve reliability of the calibration, Pt metal was also introduced to the surface of some samples and Pt 4f signal 71.0 eV was used for cross-checking the calibration. Survey spectra were collected with a step size of 1 eV and 160 eV pass energy. The high-resolution spectra of Si 2p and Au 4f were collected with a pass energy of 20 eV and 0.1 eV step size using 3 and 20 sweeps of 120 s for each sweep, respectively. XPS peaks were fitted with an asymmetric Gaussian/Lorentzian peak shape with linear background correction. Initial peak approximation model was based on the Au 4f peak modelling of the pure Au sample to better evaluate the asymmetric nature of the peak profile and the fit envelope.
Transmission electron microscopy. PIN-SiNWs synthesized from 50 nm AuNPs were sonicated off of their growth substrate in IPA, and then drop-casted onto copper grids (Ted Pella, Lacey Formvar/Carbon, 200 mesh) for TEM (FEI, Tecnai F30) and for HAADF STEM. STEM images were recorded using an aberration corrected STEM (JEOL, JEM-ARM200CF).
Energy-dispersive X-ray spectroscopy. PIN-SiNWs synthesized from 50 nm AuNPs were sonicated off of their growth substrate in IPA, and then drop-casted onto copper grids (Ted Pella, Lacey Formvar/Carbon, 200 mesh) for TEM (JEOL, JEM-3010) EDS (Thermo Fisher Scientific, Thermo Noran Vantage XEDS). For each NW, 840 s EDS measurements were taken and elemental peaks were assigned.
Atom probe tomography. PIN-SiNWs (200-350 nm) were synthesized from 50 nm AuNPs and coated with 50 nm of Ni layers using an e-beam evaporator (AJA International). The Ni-protected SiNWs were transferred onto Si microposts using a micromanipulator inside a focused ion beam system (FEI, Nova 600 NanoLab). Samples were then milled and sharpened into needle-like microtip specimens for APT characterization. The APT was run in an ultraviolet laserassisted local-electrode atom-probe instrument (Cameca, LEAP 400XSi). The surface atoms from each microtip were evaporated with an applied voltage of 1-6 kV and 20 pJ of 355 nm ultraviolet laser pulsing at a frequency of 250 kHz. The mass-to-charge (m/z) ratios of individual evaporated ions and their corresponding (x, y, z) coordinates in space were recorded with a position sensitive detector. The samples were held at 30 K and 2 × 10 −11 Torr during APT experiments. The three-dimensional reconstructions and data analyses were performed using Cameca's Integrated Visualization and Analysis Software (IVAS) 3.6 code. The proximity histogram was created with respect to the 80% Si isoconcentration surface.
Cell culture protocol. DRG were excised from P1-P3 neonatal rats into DMEM-F12 on ice. They were then digested in 2.5 mg ml −1 trypsin (Worthington) in EBSS for 20 min in a 37 °C shaker. Following trypsinization, digested DRGs were resuspended into EBSS + 10% FBS to inhibit further digestion by any remaining trypsin. Digested ganglia were then mechanically triturated via three glass pipettes decreasing in size. The resulting dispersed DRG cells were then resuspended into DMEM + 5% FBS + 100 U mL −1 penicillin + 100 μ g mL −1 streptomycin and seeded onto glass-bottom dishes previously treated with 0.01% poly-L-lysine.
Neuron electrophysiology experiments. DRG neurons were patch clamped in whole cell current clamp configuration using an Axopatch 200B amplifier (Molecular Devices). The output voltage signal was digitized at 16-bit resolution by an Innovative Integration SBC-6711-A4D4 data acquisition board. The digital analogue converter (DAC) of the data acquisition board supplied the command voltage to the amplifier. DRG neurons were mounted onto a Zeiss IM 35 microscope (Carl Ziess Microscopy) and visualized through a 40× (0.55 NA) microscope objective lens. SiNWs were sonicated for 10 s off of the growth substrate into a modified Tyrode's bath solution (NaCl 132 mM, KCl 4 mM, MgCl 2 1.2 mM, CaCl 2 1.8 mM, HEPES 10 mM, glucose 5.5 mM, pH 7.4). These wires were then drop-casted on top of the cultured neurons and allowed to settle for 20 min. Cells visually interacting directly with a single NW were then chosen to be tested for the generation of APs by laser pulses. Borosilicate glass pipettes pulled on a CO 2 laser micropipette puller (Sutter Instruments P-2000) and flame polished using a custom microforge to produce 2 MΩ resistances when filled with internal pipette solution (NaCl 10 mM, KF 130 mM, MgCl 2 4.5 mM, HEPES 10 mM, EGTA 9 mM, ATP 2 mM, pH 7.3) were used as patch pipettes. The 40× objective lens was used to focus a 532 nm DPSS laser (UltraLasers) beam (focused spot size: ~5 μ m) onto the cell/NW interface. This laser beam was modulated with an acousto-optic modulator (NEOS Technologies, Gooch & Housego, PLC) and power adjusted via a series of neutral density filters. Current injections were performed with amplitudes varying from 500 to 1,000 pA depending on the current amplitude necessary to generate an AP in each cell at a duration of 1 ms. Laser pulse durations at the neuron/SiNW interface were varied from 0.1 to 10 ms and powers varied from 1 to 85 mW, as described in Results. The University of Chicago Animal Care and Use Committee approved all animal protocols used in this work.
Scanning electron microscopy. DRG neurons were cultured onto a glass coverslip. PIN-SiNWs were sonicated into culture medium, drop-casted onto the cells and left to be co-cultured with the cells for 24 h. The cell/NW co-culture was then fixed with 4% paraformaldehyde and then stained with 4% osmium tetroxide for 1 h at room temperature. The culture was then dehydrated with ethanol and critical point dried before being sputter coated with 8 nm of platinum/palladium metal. Images were taken on a Carl Zeiss Merlin FE-SEM.
Fluorescent microscopy. DRG neurons were cultured onto a glass coverslip. PIN-SiNWs were sonicated into culture medium, drop-casted onto the cells, and left to be co-cultured with the cells for 24 h. Neurons were fixed in 4% paraformaldehyde and stained with a rabbit anti-rat anti-β tubulin III primary antibody (Abcam ab18207) and a goat anti-rabbit Texas Red secondary antibody (Abcam ab6719). Cells were visualized on an inverted fluorescent microscope under a Texas Red filter and NWs visualized via SEPC (scatter-enhanced phase contrast) microscopy as demonstrated previously.
Temperature measurements. Thermometer pipettes with resistances of 2 MΩ were filled with bath solution and placed 2 μ m away from the neuron/ SiNW interface being tested. Pipette resistance was monitored as part of a tension divider using a voltage amplifier during AP generation in the nearby cell. Conversion of pipette resistance to temperature was achieved by using a calibration curve produced individually for each pipette by pairing resistance values with a broad range of temperatures as a solution starting at 40 °C was cooled down passively to room temperature. The temperature was simultaneously recorded by a thermocouple placed very close to the pipette tip during the calibration procedure. Photocurrent measurements. SiNWs were synthesized as described above using a Au nanocluster-catalysed CVD process. Citrate-stabilized Au colloidal nanoparticles (Ted Pella, 50 nm diameter) were deposited into quartz glass capillary tubes (Sutter Instruments) and used as catalysts. NW growth was performed under the same conditions as described above. Quartz capillary tubes containing SiNWs were pulled to produce pipettes with 14-20 MΩ resistances (pipette tip diameter, ~1 μ m) and filled with bath solution. These pipettes were then mounted onto the aforementioned electrophysiology setup and current recordings were performed in voltage-clamp mode at 0 mV with the 532 nm laser focused onto single NWs positioned ~10-30 μ m from the tip of the pipettes, thus minimizing any changes in pipette resistance due to increases in temperature produced by light absorption. Laser pulses between 0.5 and 10 ms durations and 1 to 20 mW powers were used. Raw traces were filtered by averaging every ten points of data. 
Data exclusions
Describe any data exclusions. We did not exclude any electrophysiology data that was collected under the following conditions: Nanowires were treated with freshly prepared HF, nanowires were used at the freshness level indicated (for most experiments within an hour after HF treatment), the laser was properly aligned to the neuron-nanowire interface, and the nanowire was touching the cell.
Replication
Describe whether the experimental findings were reliably reproduced.
All experimental findings, including EDS spectra, XPS spectra, electrophysiology experiments, and live/dead assays, were reliably reproduced.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
Experimental groups were formed based on what was being tested. The same type of neuron was used for all biological experiments. However, different nanowires types were used, and the nanowires were either used fresh or after treatment in media or Tyrode's buffer.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
Investigators were not blinded.
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
Software
Policy information about availability of computer code
Describe the software used to analyze the data in this study.
Electrophysiology data was analyzed using an in-house software created by the Bezanilla Lab, Microsoft Excel Version 14.7.3 2011, and GraphPad Prism Version 5. XPS and EDS data was analyzed using Microsoft Excel Version 14.7.3 2011. Live/ dead data was analyzed using ImageJ Version 1.48, Microsoft Excel Version 14.7.3 2011, and GraphPad Prism Version 5. APT data was analyzed using Cameca's IVAS Version 3.6.1.
For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials
Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
Unique materials used in this study include the various types of Silicon nanowires. These are available upon request.
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species).
The following antibodies were used to visualize neurons: rabbit anti-rat anti-β tubulin III primary antibody (Abcam ab18207) and a goat anti-rabbit Texas Red secondary antibody (Abcam ab6719). Validation for these antibodies can be found on the Abcam website. Specifically for the primary antibody, Abcam states that "The immunising sequence is found in both beta III and beta IV tubulin. ab18207 detects human neuron specific beta III Tubulin protein specifically and cleanly but not as strongly as it detects the equivalent mouse and rat protein." Additionally, use of this antibody for IF in rat neurons was validated in many previous publications such as deGroot et al. 
